Microcrystal electron diffraction (MicroED) is becoming a powerful tool in 22 determining the crystal structures of biological macromolecules and small organic 23 compounds. However, wide applications of this technique are still limited by the special 24 requirement for radiation-tolerated movie-mode camera and the lacking of automated 25 data collection method. Herein, we develop a stage-camera synchronization scheme to 26 minimize the hardware requirements and enable the use of the conventional electron 27 cryo-microscope with single-frame CCD camera, which ensures not only the 28 acquisition of ultrahigh-resolution diffraction data but also low cost in practice. This 29 method renders the structure determination of both peptide and small organic 30 compounds at ultrahigh resolution up to ~0.60 Å with unambiguous assignment of 31 nearly all hydrogen atoms. The present work provides a widely applicable solution for 32 routine structure determination of MicroED, and demonstrates the capability of the low-33 end 120kV microscope with a CCD camera in solving ultra-high resolution structures 34 of both organic compound and biological macromolecules. 35 36 37 38 78
Introduction 39
Electron diffraction is coming into the scope of the structural biologists and 40 chemists by its capability in determine the structures of small crystals, named MicroED 41 technology 1 . Since 2013, Shi., et al., successfully solved a structure of lysozyme crystal 42 with sub-micrometer size, and demonstrated for the first time that the electron mosaicity of the optimized T12 datasets was more than 1 o , which is higher than that of 171 the F20 datasets, primarily less than 0.3 o . Accordingly, a REFLECTING_RANGE 172 parameter defined in XDS reached 6~8 o for the T12 datasets, which meant it took 6~8 o 173 of rotation for a reflection to pass completely through the Ewald sphere on the shortest 174 route. Not only the overall Rmerge but also the overall <I/σ(I)> of the F20 datasets are 175 better than those of the T12 datasets ( Supplementary Table 1 ). These effects may 176 relate to some systematic inaccuracy of the T12 dataset, which is reasonable if 177 considering the lower optical performance of T12 than that of F20. 178 The statistics in different resolution shells were further compared (Fig. 3) . The 179 completeness of the merged F20 dataset is slightly higher than that of the merged T12 180 dataset from the lowest resolution to ~0.75 Å. Beyond ~0.7 Å to a higher resolution, 181 the T12 dataset indicates higher completeness than the corresponding F20 datasets ( Fig.   182 3a), implying that more high-resolution reflections are recorded on T12. The <I/σ(I)> 183 of the merged F20 dataset in the range from the lowest resolution to ~0.85 Å are much 184 higher than that of the merged T12 dataset but become lower in the range beyond ~0.8 185 Å ( Fig. 3b and Supplementary Table 1a and 1b) . The trends from the completeness 186 and <I/σ(I)> imply that the merged T12 dataset have better signal-to-noise ratio (SNR) 187 and more reflections in the high-resolution range beyond ~0.8 Å. In the resolution range 188 lower than ~0.8 Å, the Rmerge of the merged F20 dataset is better than that of the merged 189 T12 dataset, and becomes worse at higher resolution range ( Fig. 3c) . For CC1/2 19 (the 190 correlation coefficients between randomly divided half datasets) the merged F20 191 datasets always exhibited better quality than the merged T12 datasets at all resolution 192 shells ( Fig. 3d) . Similar trends for the merged datasets were also observed for the 193 single-crystal datasets (Fig. 3) . Combining all the four statistics parameters above, it is 194 clearly seen that the 120-kV T12 yield stronger (or high SNR) and more detectable 195 reflections at resolution range higher than ~0.8 Å resolution, but which have worse 196 accuracy. The reason is still not clear. One possibility is that the lower electron energy 197 (from 120-kV T12) leads to stronger interactions between the electrons and materials, 198 and hence stronger and more diffractions at high-resolution range, but the stronger 199 interactions may also lead to stronger multiple scattering and reduce the repetitiveness 200 of the reflections, especially, the high-resolution reflections. 201 Although performing worse than F20 in terms of overall quality, T12 still yielded 202 high-quality diffractions sufficient to solve a ultrahigh-resolution structure (discussed 203 later). The final resolutions of the determined structures of the merged datasets from 204 F20 and T12 were cut-off at 0.65 Å and 0.60 Å ( Fig.4a and b , Supplementary Table   205 2), respectively, and those of the single-crystal datasets from F20 and T12 were cut-off 206 at 0.67 Å and 0.65 Å, respectively, based on the threshold of <I/σ(I)> ≈ 1.5. The data 207 quality was further compared with all the published structures (all used movie-mode 208 cameras) solved by the MicroED method before 2019 ( Supplementary Table 3 ). The 209 data statistics of <I/σ(I)> from the merged datasets are better than those of most 210 published work. Particularly, the current datasets from both the F20 and T12 exhibit the 211 highest resolution by MicroED. The averaged B-factor (MeanB, the last column in 212 Supplementary Table 3 ) of our refined models are much lower than most of the 213 published structures solved by MicroED, which demonstrates the high data quality obtained using eTasED.
216
Determination and analysis of the peptide structure at ultrahigh resolution 217 The diffractions up to ~0.6 Å resolution enabled the direct method for phasing the 218 diffractions from the peptide crystal mentioned above ( Supplementary Figure 3 and 219 4). The two merged datasets from F20 and T12 yielded correct solutions by SHELXD 20 220 ( Supplementary Figure 3a and b) . More than 10 single-crystal datasets collected on 221 F20 reached the completeness of ~60% in the resolution shells ranging from 1.5 Å to 222 0.7 Å, and exhibited the overall Rmerge of less than 15%, which enabled the use of the 223 direct method for each single crystal individually (Supplementary Figure 3c) . 224 Whereas, the same attempts for all the single-crystal datasets from T12 failed, and did 225 not yield the correct structures by the direct method even after extensive trials with 226 SHELXD (Supplementary Figure 3d) . Even though the single-crystal dataset from 227 T12 exhibited a similar unique reflection number (~3,700), multiplicity (~2.5), and 228 slightly better overall completeness compared to those from F20 (Supplementary 229   Table 1c and 1d). The noise level of the single-crystal T12 dataset, indicated by the 230 distribution of σ(I), are higher than that of the two F20 datasets as well as the merged 231 T12 dataset (Supplementary Figure 5) , which results in low accuracy for the measured 232 intensities, especially, for the intensities of the relatively weak reflections. These 233 comparisons together with the discussions mentioned before comprehensively indicate 234 that the measured diffraction intensities from T12 are less accurate at high resolution 235 than those from F20, which might explain why the single-crystal T12 dataset did not 236 produce the correct structure. However, the accuracy of the T12 dataset can be Figure 4d) . 242 The ultrahigh-resolution structure of FUS LC RAC1 peptide reveals an ordered-243 coil amyloid spine. Almost all of the hydrogen atoms are clearly visible at the 2Fo-Fc 244 map (the contour level at 1.0σ), including the two hydrogen atoms of the water molecule 245 and three hydrogen atoms of the protonated amino group on Ser37 (Figure 4) . The 246 hydrogen atoms are also clearly revealed using the single-crystal datasets from F20 and 247 T12 (Supplementary Figure 6) . Unambiguous assignment of the accurate position of 248 each hydrogen enables us to build up a precise and complete hydrogen-bond network 249 formed by intra-molecular as well as inter-molecular interaction in the RAC1 peptide 250 structure (Supplementary Figure 7) . The architecture of the RAC1 peptide in crystal 251 lattice recapitulates the self-assembled structure of RAC1 in amyloid fibril, where the 252 hydrogen-bond network is regarded as a main force to maintain the fibril structure and 253 regulate its dynamic assembly 16 . Therefore, the unambiguous assignment of the entire 254 hydrogen-bond network from the ~0.6 Å peptide structure may provide valuable 255 resource for accurate calculation of the geometry and energy of hydrogen-bond network 256 in stabilizing the amyloid fibril spine. 259 Because of the recent successful applications of MicroED on small organic 260 compounds 3-5 , we examined eTasED programmed electron microscope in determining 261 the structures of two organic compounds including acetaminophen (Aladdin Company) 262 and biotin (Thermo Fisher Scientific Inc.) from commercial available powder, using 263 our 200-kV F20 and 120-kV T12 with CCD cameras mentioned above. Small amount 264 the powder was grounded, deposited on the grid, frozen in liquid nitrogen, and 265 transferred to the microscopes. By using eTasED, we collected ultrahigh-resolution 266 diffraction data of both compounds with high quality ( Supplementary Table 4 ). The 0.90 Å resolutions, respectively ( Fig. 5c and d) . Accordingly, the hydrogen atoms are In this study, by synchronizing the stage and the camera, we developed an automated 294 scheme to collect the diffraction data for MicroED. This method allows for the use of 295 any type of camera, including the non-movie-mode camera, to record the diffraction 296 intensities from a continuously tilted crystal. The best diffraction recorded using the 297 120-kV T12 with CCD camera in the present work is at 0.51 Å resolution, which implies 298 the capability of these low-end instrument. Such feature significantly reduces the 299 hardware obstacle for most users, and makes widely equipped CCD cameras installed 300 on 200-kV or 120-kV electron microscope immediately available for MicroED. changes to their hardware and software. The present work will boost the applications 303 of MicroED in more cryoEM laboratories for studying both biological macromolecules 304 and small compounds.
Ultrahigh-resolution structural determination of two organic compounds

305
The 120-kV T12 was proven to be available for MicroED and could achieve a high 306 resolution of up to ~0.60 Å in the present work. Of note, the data quality from the 120-307 kV T12 was slightly worse than that from the 200-kV F20. However, our T12 could 308 still reveal the hydrogen atoms with the similar quality as F20. This implies that the 309 expenses for MicroED can be reduced significantly using a low-end electron 310 microscope with a CCD camera. It is also noteworthy that the performance of the 311 camera is always a key factor for the data quality, especially, the signal-to-noise ratio 312 (SNR) for the weak signal. Both US4000 and Eagle had been developed as main-stream 313 detectors for imaging before the breakthrough of DED camera, and hence, as shown in 314 the present work, their SNR is sufficient for recording the diffraction intensities. 
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The models from the merged and single-crystal datasets from F20 and T12 are 360 deposited into Protein Data Band with entry codes XXXX, XXXX, XXXX, XXXX, 361 XXXX, and XXXX, respectively. The raw images support the findings of this study are 362 available from the corresponding author upon request.
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Competing financial interests 365 The authors declare no competing financial interests. were transferred to F20 or T12 using a Gatan 626 cryo-holder. 385 Small amount of acetaminophen or biotin powder was ground using a mortar and 386 transferred to a glass slide. We then used a glow-discharged Quantifoil EM grids (R2/1, 387 Cu 300 mesh; QUANTIFOIL Company) to gently touch the powder for several times.
388
Then the grid was gently shook to remove excessive powder, and then plunged into 389 liquid nitrogen and transferred to F20 or T12 using a Gatan 626 cryo-holder. control. We chose the scripting interface and used software to control the rotation. The 410 stage can be tilted using one of two methods through scripting. One is without speed 411 control and uses only the default speed. For this method, the tilting speed is fast. We TEMSpy. Considering the problems in the first method, we used the second method in 420 this work and implemented it in eTasED. 421 We tested the tilting of 1.4 o with 1% speed. Under the image mode, the stage 422 appeared highly unstable, and exhibited strong shaking along the direction of the tilting 423 ( Supplementary Figure 1, Supplementary Movie 1) . Under the diffraction mode, the 424 Kikuchi lines moves smoothly (Supplementary Movie 2) . By measuring the 425 movement of a cross point of two Kikuchi lines, we traced and calculated the relative 426 tilting angles. We observed that the tilting was smooth (Supplementary Figure 2c) . 427 Therefore, the translation instability did not influence the stability of the tilting. A 428 concern is the acceleration and deceleration observed at the beginning and the end of 429 the tilting, respectively. Fortunately, both of them are moderate and take only a short 430 time of ~40 ms (Supplementary Figure 2d) . The errors caused by the acceleration and 431 deceleration could be negligible when the exposure time is much longer than 40 ms, for Supplementary Table 1c ).
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The 120-kV diffraction data and images of crystals were observed using T12 and Table   479 1d).
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Data processing and structure determination. 
